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Normal human pregnancy depends on physiological
transformation of spiral arteries by invasive tropho-
blasts. Preeclampsia (PE) and fetal growth restriction
(FGR) are associated with impaired trophoblast inva-
sion and spiral artery transformation. Recent studies
have suggested that transforming growth factor
(TGF)-�3 is overexpressed in the placenta of PE pa-
tients and that this may be responsible for failed
trophoblast invasion. There are, however, no studies
on TGF-�s in the placenta in FGR or in the placental
bed in PE or FGR. In this study we have used immu-
nohistochemistry, Western blot analysis, and en-
zyme-linked immunosorbent assay to examine the
expression of TGF-�1, TGF-�2, and TGF-�3 in pla-
centa and placental bed of pregnancies complicated
by PE and FGR and matched control pregnancies. The
results show that TGF-�1, -�2, and -�3 are not ex-
pressed in villous trophoblasts but are present within
the placenta. TGF-�1, -�2, and, to a much lesser ex-
tent, TGF-�3 were present within the placental bed
but only TGF-�2 was present in extravillous tropho-
blast. No changes in expression of either isoform
were found in placenta or placental bed in PE or FGR
compared with normal pregnancy. These data are not
consistent with overexpression of TGF-�3 being re-
sponsible for failed trophoblast invasion in PE. Our
findings suggest that the TGF-�s do not have a patho-
physiological role in either PE or FGR. (Am J Pathol
2001, 159:1827–1838)

During early human pregnancy, extravillous cytotropho-
blasts from anchoring villi invade the decidualized endo-
metrium and myometrium (interstitial trophoblast) and
also migrate in a retrograde direction along the spiral

arteries (endovascular trophoblast) transforming them
into large diameter conduit vessels of low resistance.1

Endovascular trophoblast invasion has been reported to
occur in two waves; the first into the decidual segments of
spiral arteries at 8 to 10 weeks of gestation and the
second into myometrial segments at 16 to 18 weeks of
gestation.1 This physiological transformation is charac-
terized by a gradual loss of the normal musculoelastic
structure of the arterial wall and replacement by amor-
phous fibrinoid material in which trophoblast cells are
embedded.2–7 These physiological changes are required
for a successful pregnancy.

Failure of trophoblast invasion and spiral artery trans-
formation has been documented in preeclampsia (PE),
one of the leading causes of maternal death.8 In this
syndrome reduced uteroplacental perfusion is associ-
ated with widespread endothelial dysfunction and fetal
growth restriction (FGR) leading to significant maternal
and perinatal morbidity. Similar spiral artery abnormali-
ties have been reported in the placental bed of women
with FGR in the absence of maternal hypertension as well
as in miscarriages.4,9–16 Despite the importance of tro-
phoblast invasion and vascular remodeling these pro-
cesses are still not well understood. However they are
thought to include changes in expression of cell adhesion
molecules, matrix metalloproteinases, and their tissue
inhibitors and growth factors and their receptors.17,18

Transforming growth factor-�s (TGF-�s) are members
of a large superfamily of cytokines including activins,
inhibins, and bone morphogenic proteins.19 The family is
composed of three related 25-kd homodimeric proteins
TGF-�1, -�2, and -�3. TGF-� exerts its biological effects
through binding to cell surface receptors designated
types I, II, and III. Studies have suggested that TGF-�,
produced primarily by the decidua, may regulate tropho-
blast invasion.20 Recently Caniggia and colleagues21 re-
ported that TGF-�3 was a major regulator of trophoblast
invasion in vivo and in vitro. Expression of TGF-�3 in
placental villous tissue peaked at 7 to 8 weeks of gesta-
tion and was virtually undetectable by 9 weeks. The same
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group also reported that TGF-�3 was weakly expressed
in third trimester placentas but was dramatically up-reg-
ulated in placentas obtained from women with PE. It was
suggested that overexpression of TGF-�3 may account
for failure of trophoblast invasion in PE.

Nothing is known about expression of TGF-�s the pla-
cental bed in PE and FGR where there is failure of normal
spiral artery transformation. Thus in this article we have
used immunohistochemistry, Western blotting, and en-
zyme-linked immunosorbent assay (ELISA) to examine
the expression of TGF-�1, -�2, and -�3 in placentas and
placental bed biopsies from normal pregnancies and
from pregnancies complicated by PE or FGR.

Materials and Methods

Study Participants

Samples were obtained from pregnant women at the
Royal Victoria Infirmary, Newcastle-on-Tyne, UK. The
study was approved by the Joint Ethics Committee of
Newcastle and North Tyneside. Three groups of women
were studied: control pregnancies with no hypertension
or FGR, women with pregnancies complicated by PE,
and women with pregnancies complicated by FGR in the
absence of maternal hypertension. In some of the cases
placentas but not placental bed biopsies were collected
and vice versa therefore some of the clinical details dif-
fered between placental and placental bed experiments.
Thus these are presented as two separate tables (Tables
1 and 2). The overall clinical details for the two groups
were similar.

PE was defined as pregnancy-induced hypertension
(blood pressure � 140/90 mmHg) and proteinuria (�300
mg/24 hours) in women who were normotensive before

pregnancy and had no other underlying clinical problems
such as renal disease. FGR was defined ultrasonically as
fetal abdominal circumference �10th centile with a de-
crease in abdominal circumference SD score of �1.5
SD22 and umbilical artery pulsatility index �95th cen-
tile.23 We have previously shown that a fall in abdominal
circumference SD score of �1.5 SD is the optimal cut-off
to define a group of fetuses with evidence of wasting at
birth and morbidity associated with FGR.22 Birth weight
centiles were obtained from charts of the Northern Re-
gion population of England;24 small for gestational age
was defined as a birth weight below the 10th centile.

Sample Collection

The majority of placental bed biopsies were obtained
from women undergoing elective cesarean section as
described previously.25,26 Briefly, after delivery of the
infant, the position of the placenta was determined by
manual palpation. Six placental bed biopsies were then
taken under direct vision using biopsy forceps (Wolf, UK).
In three cases placental bed biopsies were collected
after vaginal delivery. These biopsies were taken under
ultrasound guidance using the same biopsy forceps in-
troduced through the cervix. Placental bed biopsies were
included in this study if they contained decidual and/or
myometrial spiral arteries with interstitial trophoblasts.
Placental samples of �1 cm3 were also collected. All
samples were collected directly into liquid nitrogen-
cooled isopentane and stored sealed at �70°C until re-
quired. Samples were used for subsequent immunohis-
tochemical analysis and Western blotting experiments.
Cryosections (7 �m) from each specimen were stained
with hematoxylin and eosin (H&E) for histological analysis.

Table 1. Clinical Details for Placenta Immunohistochemistry Studies

Control
(n � 18)

PE
(n � 19)

FGR
(n � 10)

Age (years) 30.65 � 4.98 31.21 � 7.5 28.8 � 8.0
Gestational age at delivery (weeks) 36.28 � 3.71 34.27 � 3.72 33.67 � 2.84
Birth weight (kg) 2.93 � 0.86 2.16 � 1.05* 1.4 � 0.53*
Systolic BP (mmHg) 112.24 � 9.27 165 � 13.64* 124.5 � 10.66
Diastolic BP (mmHg) 67.8 � 7.5 109.95 � 8.34* 73.5 � 9.14
Maternal plasma urates (mmol/L) — 407.26 � 52.64 —

Values are shown as mean � S.D.
*, P � 0.005 compared with control pregnant group.

Table 2. Clinical Details for Placental Bed Immunohistochemistry Studies

Control
(n � 18)

PE
(n � 23)

FGR
(n � 9)

Age (years) 29.4 � 6.07 29.33 � 7.8 29.75 � 7.9
Gestational age at delivery (weeks) 35.5 � 3.8 33.92 � 4.27 34.33 � 2.39
Birth weight (kg) 2.67 � 0.91 2.09 � 0.97 1.38 � 0.36*
Systolic BP (mmHg) 116.33 � 8 157.14 � 13.93* 119.44 � 8.08
Diastolic BP (mmHg) 71.83 � 7.59 110.73 � 7.51* 73.5 � 9.14
Maternal plasma urates (mmol/L) — 419.05 � 67.15 —

Values are shown as mean � S.D.
*, P � 0.005 compared with control pregnant group.
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Antibodies and Reagents

Desmin (NCL-DES-DERII, 1:100) and cytokeratin (NCL-
LP34, 1:800) monoclonal antibodies were obtained from
Novocastra, Newcastle-on-Tyne, UK. The Factor VIII
monoclonal antibody was obtained from DAKO, Cam-
bridge, UK, and used at 1:800. Rabbit polyclonal anti-
bodies raised against TGF-�1 (SC146), TGF-�2 (SC90),
and TGF-�3 (SC820) were purchased from Santa Cruz
Biotechnology Inc., Santa Cruz, CA. Full-length human
recombinant TGF-�1 (12.5 kd), TGF-�2 (12.5 kd), and
TGF-�3 (12.5 kd) were obtained from Santa Cruz and
used as positive controls in Western blots. All other re-
agents were obtained from Sigma Chemical Co., Poole,
UK, unless stated otherwise.

Morphological Assessment of Spiral Arteries

After immunostaining with the above antibodies we as-
sessed the integrity of the muscle wall of the spiral artery
by the degree of medial smooth muscle remaining
around the spiral artery (desmin immunostaining). Mor-
phological assessment was based on the method de-
scribed by Pijnenborg and colleagues.1,3 The muscle
was graded as preserved, separated, disorganized, or
grossly disorganized. Absent or incomplete medial
changes was deemed when the smooth muscle was
preserved or separated and presence of medial changes
was deemed when the muscle was disorganized or
grossly disorganized/absent.

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blots

A representative sample of 10 placentas were studied
from each group. Before homogenization, a cryosection
from each block was cut and stained with H&E to confirm
that the specimens were placenta rather than decidua.
Each frozen piece of tissue was weighed without allowing
the tissue to thaw. Tissue samples were ground to a fine
powder in liquid nitrogen with a mortar and pestle and
added to 4 volumes of cold lysis buffer [25 mmol/L Tris,
0.25 mol/L sucrose, 1 mmol/L ethylenediaminetetraacetic
acid, pH 7.6, and 50 �l/g tissue protease inhibitor cock-
tail (Sigma)]. Using a Polytron homogenizer at setting 10,
the sample containers were surrounded by ice and ho-
mogenized for 3 � 10 second intervals. The homogenate
was spun at 5000 � g for 10 minutes at 4°C to remove
debris. The supernatant was aliquoted and stored at
�70°C until required. Protein concentrations were deter-
mined by the method of Bradford27 using bovine serum
albumin (BSA) as a standard, and then diluted to the
required concentration.

Samples were mixed 1:1 with loading buffer (1.2 ml of
1 mol/L Tris, pH 6.8, 2 ml of glycerol, 4 ml of 10%
sodium-dodecyl-sulfate, 2 ml of 1 mol/L dithiothreitol, 0.8
ml of distilled water with bromophenol blue added to give
a deep blue color) and boiled for 5 minutes before load-
ing. Samples were separated on 15% sodium dodecyl
sulfate-polyacrylamide-resolving gels with a 4% stacking

gel using Protean II apparatus (BioRad, Hemelhemp-
stead, UK) at a constant current of 30 mA. Each well was
loaded with 75 �g of protein. Low molecular weight range
markers (20 to 106 kd range; BioRad Laboratories, Rich-
mond, CA) were loaded beside the samples.

Protein was transferred overnight in buffer containing
25 mmol/L Tris, 190 mmol/L glycine, 20% methanol at a
constant 30 V to BioBlot NC nitrocellulose membranes
(Costar; Corning Inc., NY). Filters were blocked for 1 hour
at room temperature in phosphate-buffered saline (PBS)
containing 5% Marvel and 0.25% Tween-20. The antibod-
ies (diluted 1:1000 in PBS containing 3% Marvel and
0.25% Tween-20) were added for 1 hour at room temper-
ature. The filters were rinsed once, washed twice for 5
minutes in PBS containing 0.25% Tween-20 and then
incubated with horseradish peroxidase-conjugated don-
key anti-rabbit IgG (Diagnostics Scotland, Carluke, UK)
diluted 1:2000 in PBS containing 0.25% Tween-20 for 1
hour at room temperature. Blots were washed once for 5
minutes, followed by two 15-minute washes in PBS con-
taining 0.25% Tween-20, and then one 5-minute wash in
distilled water. Proteins were detected using the Amer-
sham ECL detection system and filters were exposed to
Hyperfilm ECL (Amersham, Buckinghamshire, UK).

Immunohistochemistry

Immunohistochemistry was performed using an avidin-
biotin peroxidase method (Vectastain Elite rabbit kit; Vec-
tor Laboratories, Peterborough, UK). Placenta and pla-
cental bed cryosections (7 �m) were mounted on APES-
coated slides, air-dried overnight, fixed in acetone for 10
minutes at room temperature, and then wrapped in pairs
and frozen at �20°C until required. Each specimen was
stained with H&E for histological analysis. In addition,
placental bed biopsies were immunostained for cytoker-
atin (1:800) to detect trophoblasts, desmin (1:100) to
detect muscle, and Factor VIII (1:800) to detect endothe-
lium. To determine TGF-� localization, sections were
blocked with 1% BSA for 30 minutes followed by the kit
blocker for 20 minutes. Sections then underwent a further
45-minute incubation in 0.1% phenylhydrazine to block
endogenous peroxidase staining. These and all subse-
quent steps were performed at room temperature. Sec-
tions were then incubated for 1 hour with antibodies at a
dilution of 1:200 for TGF-�1 and 1:250 for TGF-�2 and
TGF-�3. The remaining steps were performed according
to the instructions supplied with the kit. The reaction was
developed with Fast diaminobenzidine tablets. Washes
between each step were performed in TBS buffer (0.15
mol/L Tris-buffered saline, pH 7.6). Sections were coun-
terstained in Mayer’s hematoxylin (BDH, Poole, UK) and
mounted in DPX synthetic resin. Omission of primary
antibody or substitution with nonimmune serum for the
primary antibody were both included as controls. Inten-
sity of immunostaining was scored on an arbitrary scale
of 0 to ��� where 0 represents no staining, � repre-
sents weak staining, �� represents moderate staining,
and ��� represents dark staining. The scoring of the
samples was performed by two separate observers
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blinded to the tissue identity (FL and HS). Sections were
all stained on the same day for each antibody to eliminate
day to day variations in immunostaining. Because the
antibodies for this study had previously been used on
skin tissue,28 normal human skin was used as a positive
control tissue and processed as for placental samples.

ELISAs

TGF-�2 ELISA

Placental TGF-�2 was measured using the Promega
Emax Immunoassay System. Assays were performed on
aliquots of the homogenates prepared for Western blot
analysis. The assay detects biologically active TGF-�2 in
an antibody sandwich format. Flat-bottomed 96-well
plates were coated with TGF-�2 monoclonal antibody,
which binds soluble TGF-�2 in the test sample. A second
antibody to TGF-�2 was added to complete the sand-
wich. After washing, an antibody-conjugate (horseradish
peroxidase-TGF-�2) was added which binds to the sand-
wich complex. Finally the chromogenic substrate
3,3	,5,5	-tetramethyl benzidine was added. Plates were
read in a Labsystems Multiscan Bichromatic plate reader
connected to a PC with Genesis software. The samples
were quantified against a standard curve generated with
known amounts of TGF-�2. The range of the assay is 32
to 1000 pg/ml. The specificity of the assay is �5% cross-
reactivity with TGF-�1 and TGF-�3 at 10 ng/ml. Because
some of the samples were higher than the highest stan-
dard a separate standard curve was made and the sam-
ples were reassayed so that they were measured within
the linear range of the standards. For assays the samples
were diluted 1:100 in the sample buffer supplied with the
kit. After assay the final concentration of TGF-�2 in the
sample was calculated and expressed as pg TGF-�2 per
mg protein.

In vivo TGF-�2 is processed from a latent form to a
bioactive form. Only the bioactive form is immunoreactive
with this kit. In vitro, the total amount of TGF-�2 (bioactive
and nonbioactive) can be determined by acid treatment
of samples. However because it is the bioactive form that
is most likely to influence trophoblast invasion the sam-
ples were not acid treated.

TGF-�3 ELISA

The assay for TGF-�3 was performed on the same
samples as for TGF-�2 using an in-house assay devel-
oped from reagents obtained from R&D Systems, Oxon,
UK. The assay was modified from a protocol supplied by
R&D Systems. All incubations were performed at room
temperature. Plates were coated with 100 �l of 4 �g/ml
capture antibody (anti-TGF-�3, mAb 643) in PBS over-
night. After three washes (0.05% Tween-20 in PBS, pH
7.4), plates were blocked for 1 hour with PBS containing
1% BSA and 5% sucrose. Plates were washed again and
then 100 �l of standards (human recombinant TGF-�3
(243-83) or samples were added. Standards ranged from
2000 pg/ml to 4 pg/ml. Samples were diluted 1:2 or 1:5 in

TBS, pH 7.3, containing 0.05% Tween-20 and 0.1% BSA.
After a 2-hour incubation and three washes, 100 �l of
biotinylated anti-TGF-�3 (BAF-243) diluted 1:250 in sam-
ple diluent buffer was added for 2 hours. After three
further washes, 100 �l of 1:200 streptavidin-HRP (DY998)
diluted in PBS containing 0.1% BSA was added for 20
minutes. Three more washes were performed and then
100 �l of TMB substrate (DY999) was added for �20
minutes or until a blue color developed. The reaction was
stopped with 50 �l of 1 mol/L H2SO4 and the plates were
read at 450 nm with a correction wavelength of 540 nm.
As for TGF-�2 the final concentration of TGF-�3 in the
sample was calculated and expressed as pg TGF-�3 per
mg protein.

Statistical Analysis

Clinical details were compared using analysis of variance
and post hoc testing was performed using the Fisher’s
protected least significant difference (PLSD) test. For
ELISA and immunohistochemical studies, statistical com-
parisons were also performed using analysis of variance.
Statistical differences were considered to be significant
at P � 0.05.

Results

Western Blot Analysis

Western blot analysis was performed on a sample of 10
placental homogenates from each group (Table 1).
These were randomly selected from the patient group
shown in Table 1 all of which were used for subsequent
immunohistochemical studies. Gestational age at deliv-
ery was comparable in the three groups. All infants in the
control group had a birth weight greater than the 10th
centile for gestational age. Mean birth weight was re-
duced in the PE group although only three infants were
small for gestational age. Umbilical artery PI was abnor-
mally elevated in four PE cases and one had reversed
end-diastolic frequency. Birth weight was significantly
reduced in the FGR and PE groups when compared with
the control groups and the FGR group was significantly
reduced when compared to the PE group; all infants in
the FGR group had a birth weight below the 10th centile
with six below the fifth centile. Umbilical artery PI was
abnormally elevated in all of the FGR fetuses; four had
absent and three had reversed end-diastolic frequen-
cies.

Figure 1 shows the results of Western blot analysis of
placental samples from each group. The number of sam-
ples necessitated running the samples on two gels. Run-
ning of gels, blotting, and hybridization were performed
during the same two days to eliminate day to day vari-
ability for each antibody. The positive controls for TGF-
�1, TGF-�2, and TGF-�3 were clearly visible however
TGF-�1, TGF-�2, and TGF-�3 were not detected on any
of the samples. These data suggest that either there is no
TGF-� in the placenta during late pregnancy or the levels
are below the sensitivity of Western blot analysis that was
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�0.5 ng for the positive control TGF-�2 and �2 ng for
TGF-�1 and TGF-�2.

Immunohistochemistry: Placentae

Normal human skin was the positive control for all three
anti-TGF-� antibodies (Figure 2). TGF-�1 was present in
basal epidermis and pilosebaceous units. TGF-�2 was
detected throughout the epidermis, but strongest basally.
TGF-�2 reactivity was also seen in pilosebaceous units
and, diffusely and weakly, in the dermis. Staining for
TGF-�3 was in the epidermis, predominantly in basal
layers, and diffusely in the dermis. TGF-�3 immunoreac-
tivity was weaker than that for TGF-�1 and TGF-�2. These
reactivity patterns are primarily in agreement with those
reported by Frank and colleagues.28

Omission controls were negative. Controls in which the
primary antibody was replaced with 1:200 normal rabbit
serum showed variable staining of Hofbauer cells in vil-
lous stroma in a minority of normal and pathological
samples. This reactivity exactly mirrored that of all three
anti-TGF-� antibodies, which labeled Hofbauer cells in
the same samples. Immunostaining of Hofbauer cells
was therefore considered to reflect Fc receptor binding in
frozen sections.

The clinical details for patients used for the placenta
immunohistochemistry studies are also shown in Table 1.

Villous syncytiotrophoblast was consistently negative for
TGF-�1, TGF-�2, and TGF-�3 (a few samples were �)
(Figure 3; a to c and g to j). Villous cytotrophoblast, which
were scanty in normal placentas and more prominent in
placentas from pregnancies complicated by PE or FGR,
were also negative for all three TGF-� isoforms. As dis-
cussed above, Hofbauer cells showed nonspecific reac-
tivity for all three TGF-� isoforms in a minority of samples.
TGF-�2 also showed diffuse stromal reactivity in occa-
sional samples (Figure 3b). Fetal vascular endothelium
was negative for TGF-�1, TGF-�2, and TGF-�3 (Figure 3;
a to c and g to j).

Perivillous and intervillous fibrin and fibrinoid in basal
plate was moderately positive (��) for TGF-�1 (Figure
3a). Cytotrophoblast cells in cell islands and in basal
plate were consistently negative for TGF-�1 (Figure 3, d

Figure 1. Western blot analysis for TGF-�1, -�2, and -�3 in human third
trimester placentas. Each group contained 10 cases and this necessitated
running three separate gels. A representative gel for TGF-�1 (top), TGF-�2
(middle), and TGF-�3 (bottom) is shown. C, Control; P, preeclampsia; F,
fetal growth restriction. Each lane was loaded with 50 �g of protein. �,
Represents recombinant TGF-�1, 20 ng; TGF-�2, 2 ng; TGF-�3, 10 ng.

Figure 2. Immunohistochemical analysis of TGF-�1 (top), TGF-�2 (mid-
dle), and TGF-�3 (bottom) antibodies on human breast skin. D, dermis; E,
epidermis.
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Figure 3. Cryostat sections of placenta immunolabeled for TGF-�1 (a, d, and h), TGF-�2 (b, e, and i), TGF-�3 (c, f, and j), and cytokeratin (g). a: Placenta from
31-week FGR pregnancy showing TGF-�1 reactivity in intervillous fibrin (FIB) but no staining of trophoblasts. b and c: Placenta from 37-week normal pregnancy
showing weak reactivity for TGF-�2 in villous stroma (VS) but no staining of trophoblasts (b). There is no TGF-�3 reactivity in trophoblasts or fibrin (FIB; c). d–f:
Superficial basal plate from 30-week pregnancy complicated by PE. There is extracellular reactivity for TGF-�1 (d) but trophoblast and endothelial cells are
negative. There is diffuse perivascular extracellular reactivity for TGF-�2 (e), and trophoblast cells are variably positive, although endothelial cells are negative.
TGF-�3 is not detected (f). g–j: Placenta (CV) and superficial basal plate from 37-week pregnancy complicated by FGR. Extravillous cytotrophoblast (CT) is
positive for cytokeratin (g) whereas decidual cells (DEC) are negative. There is extracellular reactivity for TGF-�1 (h) and to a lesser extent TGF-�2 (i). EVT and
decidual cells are negative for TGF-�1 (h) and TGF-�3 (j) but show cytoplasmic reactivity for TGF-�2 (i). Original magnifications, �200. Closed arrows,
endothelial cells; open arrows, trophoblasts.
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and h). There was moderate to strong extracellular reac-
tivity (�� to ���) for TGF-�2 in the basal plate and cell
islands but, in contrast to TGF-�1, cytotrophoblast cells
at these sites were also weakly to moderately positive (�
to ��) (Figure 3, e and i). TGF-�3 was not detected in
cytotrophoblast islands, basal plate, or fibrin (Figure 3; c,
f, and j).

There were no significant differences in reactivity for
the three TGF-� isoforms across the gestational range
studied in the uncomplicated pregnancy group. There
were also no significant differences in reactivity for TGF-
�1, TGF-�2, and TGF-�3 between placentas from normal
pregnancies and placentas from pregnancies compli-
cated by PE or FGR.

Placental Bed Biopsies

The clinical details for patients used for the placental bed
immunohistochemistry studies are shown in Table 2.
Gestational age at delivery was comparable in the three
groups. Umbilical artery PI was abnormally elevated in
one case, one case had reversed and one case had
absent reversed end-diastolic frequency. Birth weight
was significantly reduced in the FGR group when com-
pared with the control group. All infants in the FGR group
had a birth weight less than the 10th centile with six below
the 5th centile. Four of the infants in the PE group had
birth weights �10th centile. Umbilical artery PI was ab-
normally elevated in all of the FGR fetuses; five had
absent and one reversed end-diastolic frequencies.

In the placental bed there was focal moderate (��)
extracellular reactivity for TGF-�1 but decidual and myo-
metrial cells were negative (Figure 3h and Figure 4, a and
h). Fibrinoid around transformed spiral arteries in normal
placental bed samples was moderately positive (��)
(Figure 4, a and b). There was also focal extracellular
reactivity (��) around nontransformed myometrial spiral
arteries in PE and FGR samples (Figure 4h). All extravil-
lous trophoblast populations in placental bed were neg-
ative for TGF-�1 (Figure 4; a, b, and h).

Cytoplasmic TGF-�2 was detected in decidual cells (�
to ��) and myometrial cells were weakly positive (�)
(Figure 3i and Figure 4; d to f and j). There was variable
weak to moderate (� to ��) reactivity around both trans-
formed and nontransformed spiral arteries in decidua
and myometrium; TGF-�2 immunoreactivity at this site
was generally more diffuse than that for TGF-�1 (Figure 4;
d, e, and i). TGF-�2 staining of EVT was variable, ranging
from negative (1 case) to strongly positive (0 to ���)
(Figure 4; d to f, i, and j). Mononuclear interstitial tropho-
blast, multinucleate trophoblast giant cell, and perivas-
cular trophoblast populations all showed this variable
reactivity. All normal and pathological placental bed sam-
ples showed this variable TGF-�2 positivity with no pat-
tern, positive and negative cells being detected in de-
cidua and myometrium and both adjacent to and distant
from spiral arteries. The majority of transformed spiral
arteries re-endothelialize in the third trimester but, where
present, reactivity of endovascular trophoblasts ranged
from negative to moderate [0 (2 cases) to ��].

TGF-�3 was not detected in decidual cells, fibrinoid, or
any EVT populations (Figure 3j and Figure 4c). Reactivity
was confined to occasional lymphocytes in decidua and
myometrium.

Placental bed samples from normal pregnancies did
not show any significant variation in TGF-� immunoreac-
tivity with gestational age. There were no significant dif-
ferences in reactivity for the three TGF-� isoforms in
placental bed samples from normal pregnancies com-
pared with pregnancies complicated by PE or FGR.

ELISA

ELISAs were performed on the same placental homoge-
nates as those used for Western blot analysis. The results
for the TGF-�2 ELISA are shown in Figure 5. TGF-�2 was
detectable in all samples. There were no significant dif-
ferences between groups. These results support the im-
munohistochemical findings. The results for the TGF-�3
ELISA are shown in Figure 6. Concentrations of TGF-�3 in
the placental samples were much lower than TGF-�2. As
for TGF-�2 there were no differences in TGF-�3 concen-
trations between groups as previously reported. These
observations are consistent with the immunohistochemi-
cal findings.

Discussion

We believe that the present study is the most compre-
hensive investigation of TGF-� expression in the placenta
and placental bed in normal pregnancy, PE, and FGR.
Different techniques were used to determine TGF-� ex-
pression and results were generally consistent. These
results suggest that third trimester villous trophoblasts do
not express TGF-�1, TGF-�2, and TGF-�3. Within the
placental bed all EVT populations in placental bed were
negative for TGF-�1 and TGF-�3. In contrast TGF-�2
reactivity was found in EVT and ranged from negative to
strongly positive. No changes were noted for any of the
TGF-� isoforms in PE or FGR in either placenta or pla-
cental bed samples.

The majority of previous studies of TGF-� expression in
the human placenta have been performed on early rather
than late pregnancy and the results are inconsistent.29–32

Interpretation of the results is confounded by the different
methods of tissue preparation, different techniques used
and antibodies used, many of which are not isoform-
specific. Furthermore previous studies have reported re-
sults on total TGF protein, much of which is latent and
nonfunctional.19 Incorporation of ELISA immunoassay,
which measures only bioactive forms, is therefore likely to
yield more relevant information.

Our Western blot and immunohistochemical results
suggest that trophoblasts produce little if any TGF-�1
during late pregnancy. This is consistent with the results
of Caniggia and colleagues.21 In contrast, Dungy and
colleagues33 reported that TGF-�1 mRNA expression,
peaked at 17 weeks of gestation and again at �34
weeks. Immunohistochemical analysis localized TGF-�1
to the syncytiotrophoblast. They suggested that these
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Figure 4. Cryostat sections of placental bed immunostained for TGF-�1 (a, b, and h), TGF-�2 (d, e, and i), TGF-�3 (c), and cytokeratin (g; PAS counterstain).
a–f: Placental bed sample from 37-week normal pregnancy showing transformed myometrial spiral arteries (SA). Note diffuse perivascular extracellular reactivity
for TGF-�1 (a and b) and to a less extent for TGF-�2 (d and e). EVT cells are negative for TGF-�1 but variably positive for TGF-�2. Endothelial cells are negative.
f: Variable reactivity of trophoblast giant cells for TGF-�2. Inset: Positive giant cells in a different area of myometrium in the same section. g–i: Placental bed
sample from 30-week pregnancy complicated by PE showing a nontransformed spiral artery (SA). Cytokeratin-positive perivascular trophoblasts are clearly seen
(g) but there is no endovascular or intramural trophoblasts. There is scanty extracellular reactivity for TGF-�1 (h) but trophoblasts are negative. Perivascular
reactivity for TGF-�2 is more diffuse and trophoblast reactivity is variable. j: Variable TGF-�2 immunoreactivity in interstitial trophoblasts in another 30-week PE
sample. Original magnifications, �200. Closed arrows, endothelial cells; open arrows, trophoblasts.
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peaks correlated with the completion of trophoblast inva-
sion into the uterus and the end of placental growth.
Although TGF-�1 has been shown to inhibit trophoblast
proliferation in vitro34 trophoblasts continue to invade into
the myometrium after 17 weeks of gestation. Furthermore
mean placental diameter, weight, and maximal thickness
increases from 150 mm, 260 g and 20 mm, respectively,
at 7 months of pregnancy to 170 mm, 320 g, and 22 mm
at 8 months. It further increases at 9 months to 200 mm,
400 g, and 24 mm and again to 220 mm, 470 g, and 25
mm at 10 months.35 Schilling and Yeh36 also reported
TGF-�1 mRNA in term placenta and immunolocalized this
to the syncytiotrophoblastic layer, chorionic plate, and
EVT. The immunohistochemical studies were performed
on formalin-fixed material but used the same source of
antibodies. The immunohistochemical studies that have
suggested TGF-� expression by placental cytotropho-

blasts and syncytiotrophoblasts during the late second
and third trimester have used nonisotype-specific anti-
bodies.

TGF-�2 is the principle TGF-� isoform produced by the
third trimester placenta, although levels were too low to
be detected by Western blotting. The principle site of
TGF-�2 localization seems to be the decidua, tropho-
blast, cell islands, and basal plate. Lysiak and col-
leagues29 immunolocalized TGF-�2 placentas from 23 to
28 weeks of gestation, TGF-�2 was reported to be local-
ized to syncytiotrophoblasts but not cytotrophoblasts, the
mesenchymal core of villi, decidual cells, and decidual
matrix and EVT in decidua when present. From 34 weeks
of gestation on, decidual extracellular matrix staining was
reduced but the other findings remained similar. Schilling
and Yeh36 reported similar findings for TGF-�2 as for
TGF-�1 with intense immunostaining in the syncytiotro-
phoblastic layer, chorionic plate, and EVT. Minimal stain-
ing was found in decidua. We found that placental ex-
pression was not altered in PE, confirming the findings of
Caniggia and colleagues21 who also found TGF-�2
mRNA to be the major isoform expressed during late
pregnancy. EVT populations showed immunostaining, al-
though this was variable. We have reported similar vari-
able staining of EVT in first and second trimester placen-
tal bed samples.37

TGF-�3 levels measured by ELISA were very low in
normal third trimester placentas. Immunohistochemistry
results were consistent with this and showed that no
trophoblast population expressed TGF-�3. These find-
ings are consistent with our unpublished observations in
the first and second trimester but differ from those of
Schilling and Yeh.36 The skin-positive controls used in the
present study confirm that the antibodies detect TGF-�s
in frozen tissues. We did not use formalin-fixed material
because formalin-fixed material often binds antibodies
nonspecifically. Recent interest has focused on the role
of TGF-�3 in trophoblast invasion following the finding by
Canniggia and colleagues.21 We set out to extend the
observations of Caniggia and colleagues21 by focusing
on EVT in the placental bed in PE and also to extend the
observations to FGR. However we were unable to confirm
an up-regulation of TGF-�3 in placental tissue in PE.
Furthermore no EVT cells expressed TGF-�3. The find-
ings in FGR were consistent with this. We attempted to
explain the discrepancies by repeating the studies using
their immunohistochemical and tissue preparation meth-
ods but our findings did not alter. Thus we are unable to
explain the differences. Based on our findings we con-
clude that altered TGF-�3 expression is unlikely to be
responsible for the failed trophoblast invasion in PE and
FGR.

PE and FGR are both associated with reduced utero-
placental blood flow and both conditions are predicted
by abnormal uterine artery Doppler waveforms in the
second trimester.38–40 In PE, there is failure of normal
transformation of the spiral arteries15 with �20% of myo-
metrial vessels showing physiological change.17,41 Our
findings are consistent with this; 73% of the myometrial
vessels examined from women with PE had either com-
pletely intact or only partially disorganized muscle. Inter-

Figure 5. ELISA for TGF-�2 in placenta samples from control pregnancies
and pregnancies complicated by PE or FGR.

Figure 6. ELISA for TGF-�3 in placenta samples from control pregnancies
and pregnancies complicated by PE or FGR.
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estingly absent physiological change in myometrial ves-
sels is more often found in PE cases with an abnormally
high uterine artery pulsatility index.42,43 Less is known
about FGR in the absence of maternal hypertension.
Several small studies have found the same morphologi-
cal abnormalities in myometrial arteries in 45 to 100% of
pregnancies with small for gestational age infants.6,44,45

Absence of physiological change in myometrial arteries
is more likely in severely small infants (birth weight �
2.3rd centile), which are more likely to be growth re-
stricted, than in those with birth weights between the
2.3rd to 10th centiles. For the present study we defined
FGR according to antenatal ultrasound criteria; all fetuses
were small (abdominal circumference �10th centile) with
a significant fall in abdominal circumference SD score
and an abnormal umbilical artery Doppler. We have
shown that these morphometric criteria are optimal at
detecting wasting at birth, indicative of FGR46 and an
elevated umbilical artery is the optimal method of pre-
dicting outcome in a group of small for gestational age
fetuses.47 Using these criteria we found 45% of myome-
trial vessels demonstrated completely intact or partially
disorganized muscle.

The environment of the early placenta is hypoxic com-
pared to later pregnancy.48 In early pregnancy plugs of
trophoblasts block the maternal spiral arteries.49 These
are subsequently displaced and blood flow begins at
�11 weeks of pregnancy. As a result partial pressure of
oxygen increases from 18 mmHg at 8 to 10 weeks of
gestation to 60 mmHg at 12 to 13 weeks of gestation.
There is considerable evidence to suggest that tropho-
blast cells are sensitive to oxygen.50–55 The mechanism
by which oxygen concentrations are sensed is unclear
but may well involve the transcription factor, hypoxia
inducible factor (HIF).56 Caniggia and colleagues57 re-
ported that placental HIF-1� expression peaked at 6 to 8
weeks of gestation and then fell precipitously to �9
weeks of gestation, paralleling the expression of TGF-�3.
In contrast Rajalumar and colleagues58 found that HIF-1�
mRNA remained constant whereas HIF-2� mRNA in-
creased with gestational age. Protein levels of both iso-
forms decreased with gestational age. Caniggia and col-
leagues59 speculated that if oxygen tension fails to
increase in PE, or trophoblasts do not detect this in-
crease, HIF-1� and TGF-�3 expression remain high, re-
sulting in shallow trophoblast invasion. In support of this
they have recently reported that HIF-1� is also elevated in
the placenta of women with PE.59,60 However these find-
ings were not confirmed by Rajakumar and colleagues.61

Further studies are required to clarify the role of HIF in
both normal and abnormal invasion.

PE is associated with failed transformation of maternal
spiral arteries by EVT.62 Several mechanisms have been
implicated.63,64 TGF-�3 has been reported to be overex-
pressed in placentas from women with PE21 and this has
been linked to failure of trophoblast migration. In the
same study it was also shown that explants from PE
placentas failed to show outgrowth or invasion. It was
suggested that these data are in keeping with the re-
duced invasive ability of trophoblast in PE. However in-
terpretation of these data are not straightforward be-

cause interstitial migration of EVT into the decidua and
myometrium proceeds normally in PE. No such studies
have been performed in FGR.

Inconsistencies in different pathological studies may,
at least in part, be reflected by the type of placental
pathology. Adequate transfer of oxygen to the fetus de-
pends on both the fetoplacental and uteroplacental cir-
culations. Three categories of fetal hypoxia have been
proposed and the placental pathologies have been re-
viewed:35,51 preplacental hypoxia in which both placenta
and fetus are hypoxic because of oxygen reduction in
maternal blood (eg, maternal anemia and high altitude),
uteroplacental hypoxia in which oxygenated blood has
restricted entry to the intervillous space (eg, failed tro-
phoblast invasion or occlusions of spiral arteries), and
postplacental hypoxia in which oxygenated blood enters
the intervillous space but is not extracted adequately to
the fetus. Each condition results in differences in placen-
tal development. Pregnancy at high altitude results in
increased capillary volume fraction and increased capil-
lary branching. The density of cytotrophoblast increases
and increased syncytial knotting occurs. Maternal ane-
mia results in similar changes; endothelial proliferation is
also increased leading to excessive branching angiogen-
esis. With PE at term, a typical example of uteroplacental
hypoxia, the findings are more varied but most of the
structural findings are similar to those found in the pre-
placental hypoxia group. These include syncytial knot-
ting, increased numbers of villous cytotrophoblasts and
macrophages, and increased capillary volume fraction.
In this condition the restriction of oxygen entry occurs
focally and is variable leading to heterogeneous changes
in villous maturation. With preterm intrauterine growth
restriction associated with absent and diastolic flow ve-
locity waveform in the umbilical arteries the placenta fails
adequately to transfer oxygen to the fetus. These cases
are associated with reduced amount and increased pro-
liferation of cytotrophoblasts and increased deposition of
stromal extracellular matrix. Syncytial nuclei show signs
of senescence.

In summary our findings suggest that TGF-�2 is the
main isoform found in third trimester placenta. In contrast
to TGF-�1 and TGF-�3, EVT does produce TGF-�2 but
expression is very variable and not altered in PE or FGR.
The absence of any changes in TGF-�1, -�2, or -�3 in PE
or FGR suggests that they do not play a role in the
pathophysiology of these disorders.
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